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Introduction
The establishment of point-to-point sensory maps during development requires that afferent inputs restrict their connections to a limited number of selected target neurons (Rebsam et al. 2002) . The dominant sequential developmental model involves 2 steps: (1) formation of initial basic "protomaps," where both the axon path and the primary connections are guided by molecular cues, and (2) refinement and elaboration of sensory maps through competition by the afferent inputs for their targets provided by spontaneous activity patterns and by early experience (Rakic 1976; Katz and Shatz 1996; Lopez-Bendito et al. 2003; O'Leary and Sahara 2008; Rakic et al. 2009; Erzurumlu and Gaspar 2012) . However, whether cortical protomaps are precise from the start, and whether early activities support competitive interactions between the afferents, remains largely unknown.
To address this question, we examined the functional topography of the rat whisker-related somatosensory cortex during the early postnatal period. The primary somatosensory cortex in rodents contains a somatotopic map where each individual whisker is represented in a discrete cytoarchitectural L4 unit, the "barrel" (Woolsey and Van der Loos 1970; Petersen 2007; Fox 2008) . Within each barrel, neurons are selectively tuned and respond with short-latency action potentials to stimulation of only 1 ( principal) whisker (Simons 1978; Armstrong-James and Fox 1987; Brecht and Sakmann 2002; Roy et al. 2011 ). This selectivity is determined by topological organization of synaptic connections along a trisynaptic trigeminal lemniscal pathway involving trigeminal projections from a whisker to the corresponding barrelettes in the brainstem, from the barrelettes to barreloids in the VPM thalamus, and finally, from the barreloids to cortical barrels (Petersen 2007; Fox 2008) . At the cortical level, selectivity of sensory information transfer from thalamus to cortex is ensured by segregation of thalamic axons, which branch primarily within the corresponding barrel, restricted to a barrel dendritic tree of the thalamorecipient L4 neurons, reach synaptic connectivity between excitatory L4 neurons within barrels, and surround inhibition (Feldmeyer et al. 2013) .
During development, an anatomical barrel map forms during the first postnatal week, a critical period for barrel map plasticity. During this time, sensory deprivation or alteration in central activity results in dramatic changes to map organization, suggesting that sensory-driven activity plays a critical role in barrel map formation (Feldman and Brecht 2005; Fox 2008; Feldman 2009; Erzurumlu and Gaspar 2012) . Previous studies on the barrel cortex revealed characteristic spontaneous and sensory-evoked bursting activity patterns during the postnatal period including delta waves, spindle bursts and early gamma oscillations (EGOs) (Armstrong-James 1975; McCandlish et al. 1993; Minlebaev et al. 2007; Minlebaev et al. 2009; Yang et al. 2009; Colonnese et al. 2010; Mohns and Blumberg 2010; Minlebaev et al. 2011; Yang et al. 2012; Tolner et al. 2012; Khazipov et al. 2013) . During the first 2 postnatal days, sensory stimulation evokes electrical responses in the dense cortical plate, characterized by negative delta waves and spindle-burst oscillations associated with multiunit bursts. Starting from P2, EGOs are observed, and the typical response evoked by whisker stimulation consists of initial EGOs followed by spindle-burst oscillations until P7, when sensory responses switch from bursting to acuity (Colonnese et al. 2010; Minlebaev et al. 2011; Yang et al. 2012) . Comparison of the multiunit and whole-cell responses evoked by single whisker stimulation in the corresponding and adjacent barrels showed that the whisker map has a pronounced topography at P5-7 (Armstrong-James 1975; Minlebaev et al. 2011) . Moreover, spatially confined responses evoked by whisker stimulation using voltage-sensitive dye imaging and extracellular recordings suggested that the activity in the barrel cortex is already somatotopically organized at P0-1, prior to barrel formation (Yang et al. 2012) . However, topographic precision regarding the whiskerrelated protomap in the prospective barrel cortex remains elusive. Here, using extracellular multiunit and patch-clamp recordings, we report that, in the neonatal P0-1 rat barrel cortex, neurons are initially tuned to multiple whiskers and that the responses evoked by stimulation of the neighboring whiskers largely overlap. Segregation of the receptive fields occurs 2-3 days after birth, coinciding with the emergence of the anatomical barrel map. These results indicate that, during the critical period, the cortical whisker map undergoes a pivotal transition from an initially diffuse to a segregated stage and that its development involves competition between sensory inputs for their cortical target territories.
Materials and Methods

Surgery
All animal-use protocols followed the guidelines of the French National Institute of Health and Medical Research (INSERM, provisional approval N007.08.01) and the Kazan Federal University on the use of laboratory animals (ethical approval by the Institutional Animal Care and Use Committee of Kazan State Medical University N9-2013). Wistar rats of both sexes from postnatal days [P] 0-7 were used. P0 was the day of birth. The surgery was performed under isoflurane anesthesia (5% for induction and 1.5% during surgery). The skull of the animal was cleaned of skin and periosteum. Two plastic bars were fixed to the nasal and occipital bones of the rat's head by dental cement. The skull was covered with dental cement (Grip Cement) except for a 4-to 9-mm 2 window above the barrel cortex. Subsequently, animals were warmed and left for an hour to recover from anesthesia. During recordings, the head was fixed to the frame of the stereotaxic apparatus by the attached bars; animals were surrounded by a cotton nest and heated via a thermal pad (35°C-37°C). A chlorided silver wire, placed in the cerebellum or visual cortex, served as a ground electrode. Depending on the technique used, recordings were made from nonanesthetized or anesthetized by urethane (i/p injection; 0.5-1 g/kg) neonatal rats.
Stimulation
Before the experiment, whiskers were trimmed to a length of 4 mm. A needle (30G) was glued to the end of piezo benders (Noliac), and the tip of the whisker was inserted 2 mm into the blunt tip of the needle, so that the whisker rested snugly inside. To induce deflection of the piezo benders, square 40-70 V pulses of 10-or 25-ms duration were applied. To avoid depression of the evoked response, whiskers were alternately stimulated at 30-s intervals. Cortical responses to 50-100 stimuli were recorded for each whisker.
Recordings
Extracellular recordings of the local field potentials (LFPs) and multiple unit activity (MUA) were performed from the inner part of the dense cortical plate (CP; P0-3) or Layer 4 (in >P4 rats) ( Fig. 1 ), either without anesthesia or under urethane anesthesia (0.5-1.5 g/kg). Urethane did not significantly modify the responses in this age group (Minlebaev et al. 2011) , and therefore, the results obtained both with and without anesthesia were pooled. The skull was drilled to make the linear fissure above the barrel cortex (AP 0.3 to 1 mm; lateral 3-4 mm from bregma); "dura mater" was carefully dissected using a 30G needle. Recordings of LFP and MUA were performed using four-shank silicon probes (Neuronexus Technologies). The following types of electrode arrays were used: (1) 4 × 4 16-channel probes with a separation distance of 200 μm between shanks and a separation distance of 200 μm between electrodes in each shank; (2) 4 × 4 16-channel probes with 4 tetrodes horizontally separated by 200 μm; (3) 4 × 8 32-channel probes with a 200-μm separation distance between shanks and a 50-μm separation distance between electrodes in each shank, (5) 16-channel linear probes with 100-μm vertical separation distance. The signals from extracellular recordings were amplified and filtered (10 000×; 0.2 Hz-10 kHz) using a 32-channel amplifier (DIPSI, France or DigitalLynx, Neuralynx), digitized at 10 or 40 kHz (for single-unit recordings) and saved on a PC for post hoc analysis. Whole-cell recordings were performed under urethane anesthesia (0.5-1.5 g/kg). The skull and dura above the barrel cortex were removed, and the cortex was covered by low-gelling agarose (Sigma-Aldrich) to prevent drying and pulsations. Despite these precautions, we found patch-clamp recordings in P0-1 rats extremely difficult to perform, obtaining gigaseal and stable recordings with a success rate of <10%. The number of trials in each hole was also limited to 5, to avoid recordings from damaged tissue. It was thus difficult to obtain a complete receptive field, and the number of whiskers tested ranged from 2 to 13. Whole-cell recordings were performed using pipettes filled either with Cs-gluconate (130 Cs-gluconate, 13 CsCl, 0.1 CaCl 2 , 1 ethylene glycol tetraacetic acid [EGTA], and 10 4-[2-hydroxyethyl]-1piperazineethanesulfonic acid [HEPES], units are mM, pH 7.25) or K-gluconate (130 K-gluconate; 10 Na-gluconate; 4 NaCl; 4 Mg-ATP; 4 phosphocreatine; 10 HEPES [K] ; 0.3 Na 2 GTP, units are mM, pH 7.25) solutions. Glutamatergic excitatory postsynaptic currents (EPSCs) were recorded in voltage-clamp mode from the inner part of the CP or Layer 4 (in >P4 rats) cells at the reversal potential of the GABA(A) receptormediated currents (−70 mV). Whole-cell recordings were performed using an Axopatch 200B amplifier, digitized at 10 kHz with Digidata 1440 (Molecular Devices) and acquired on a PC using pClamp 10.2 software for post hoc analysis.
Data Analysis
Raw data were preprocessed using custom-written functions in MATLAB (MathWorks). Briefly, raw data were explored to detect MUA, following which the raw data were down-sampled to 1000 Hz. MUA was detected at a band-passed signal (>200 and <4000 Hz), where all negative events exceeding 3.5 SD were considered to be spikes (Fig. 2 ). Further analysis of extracellular units and whole-cell data was performed by custom-written, MATLAB-based programs and Chronux toolbox (Mitra and Pesaran 1999) .
The whisker evoking maximal multiunit activity (MUA) response with the shortest latency was considered to be the principal whisker (PW). The thalamorecipient layer (inner part of dense cortical plate or Layer 4) was defined based on analysis of SEP, using current source density (CSD) analysis of (LFP) deflections during sensory-evoked potential (SEP) and analysis of MUA density (Fig. 1) .
CSD was used to eliminate volume conduction and localize synaptic currents. CSD was computed for each recording site according to a differential scheme for the second derivative and smoothed with a triangular kernel of length 3 (Freeman and Nicholson 1975) , so that current sinks were represented by negative values. Depth of SEP was calculated based on CSD analysis of the sensory-evoked LFP response, where (1) a sensory-evoked cortical signal was considered as SEP if the sink amplitude of the evoked response exceeded 20 SD of the sink amplitude distribution of the base line before stimulus and (2) the evoked cortical response had the shortest latency ( Supplementary  Fig. 1A ). Depth of the thalamorecipient layer was also estimated based on presence of a burst of MUA with short latency; increased MUA was only considered a burst if it exceeded 5 SD of spontaneous MUA density (calculated from the 200-ms window before stimulus) ( Supplementary Fig. 1B ).
The evoked cortical response time was counted from whisker deflection to the onset of MUA, defined as the moment of maximal differ- ence between the diagonal (which should correspond to the constant spike rate) and the cumulative sum of the peristimulus time histogram (PSTH) of the evoked MUA ( Supplementary Fig. 2 ).
To characterize receptive and projection field (PF) sizes, firstand second-order adjacent whiskers were also stimulated, first-order adjacent whiskers (AWs1) being whiskers neighboring the PW and second-order adjacent whiskers (AWs2) being vibrissae two-away from the PW. Receptive fields in the barrel cortex were calculated as the total number of MUA in CP (or Layer 4) induced by alternate stimulation of the whiskers in a 1-s window after the stimulus, corrected for spontaneous MUA before whisker deflection. A similar procedure was used for whisker PF analysis, counting the total number of MUA induced by the PW in a 1-s window after stimulus on the electrode lying in CP (or Layer 4) on each shank.
Significances of the evoked cortical response parameters were tested using the nonparametric Wilcoxon test. The level of significance was set at P < 0.05. Variability of the estimates is shown as vertical bars of Jackknife deviation (Arvesen 1969) .
To characterize the size of the cortical area where spikes are detected at a single recording site in the newborn rats, we analyzed spatial attenuation of spikes across the electrode array as shown in Figure 2 (n = 6 P0-1 rats). Local field potential averages triggered by spikes detected at a single "principal" recording site (shank #3, channel #3, red trace) showed a progressive spatial decrement in spike amplitudes, both vertically (along a shank, 50-μm site separation distance) and horizontally (between shanks, 200-μm shank separation distance) (Fig. 2C ). The spatial decrement in spike amplitudes was also associated with decreased cross-correlation coefficients of spikes detected at distant sites (Fig. 2D) . Dependence of the mean spike amplitude on the distance from the principal site could be fitted with an exponential function with a decay constant of 67.6 μm ( Fig. 2E inset) . We further sorted spikes detected on the principal site by 10% amplitude bins and found that, for all groups, spikes were attenuated with distance from the principal site ( Fig. 2E ). Spikes with larger amplitudes showed values exceeding spike detection thresholds (indicated by vertical red dashed line) at greater distances. Spikes within the largest spike amplitude bins (range from 119 to 287 μV; mean value of 184 ± 27 μV; n = 6 P0-1 rats) had threshold values at 52.2 ± 5.3 μm from the principal site ( Fig. 2A) . Assuming that the largest spikes are generated by neurons closest to the recording electrode, this value corresponds to the maximal radius of spike detection (r) in our experimental setting, as indicated by a red circle on Figure 2F , and it is close to the previously reported values (Cohen and Miles 2000; Henze et al. 2000) .
Extraction of Single Units from MUA
Segments centered around the detected spikes on 1 recording site were extracted from all tetrode sites ( Supplementary Fig. 3 ). For each channel, the waveforms of all spikes were pooled; first, 2 principal components of the waveform set were defined using principal component analysis. An 8-dimensional principal components vector was then created for each spike. Next, clusters corresponding to single-cell events were isolated by the clustering program KlustaKwik (http:// klustakwik.sourceforge.net/) (Harris et al. 2002) (Fig. 5 ). Single-unit receptive fields were calculated based on the clusters that had: (1) units with clear refractory periods of <2 ms ( Supplementary Fig. 3) and (2) units whose feature vectors followed a multivariate normal distribution (tested by calculation of the Mahalanobis distance of points from the cluster center [Gnanadesikan 1977; Johnson and Wichern 1992] ) ( Supplementary Fig. 3 ).
Results
Broad Receptive Fields in Neonatal Rat Barrel Cortex
To determine the initial functional state of the cortical barrel map, we explored the receptive fields of cortical neurons during extracellular recordings using multisite silicone probes in neonatal rat pups in vivo ( postnatal days P0-1; P0 is day of birth; n = 8 rats; Fig. 3A ). During the first 2 days after birth, a large number of whiskers evoked LFP responses organized in delta waves and spindle-burst oscillations associated with MUA at a single recording site in the prospective barrel cortex ( Fig. 3B-D) . MUA and the current sinks of these responses were maximal at the inner part of the CP at a depth of 200-400 µm from the cortical surface (Fig. 1C) . The whisker evoking maximal MUA response with the shortest latency was considered to be the PW. To characterize the level of PW tuning, we compared the PW-evoked CP responses to the responses evoked by deflection of the surrounding primary and secondary adjacent whiskers (AW1 and AW2, respectively). Several comparisons indicated broad tuning to multiple whiskers at P0-1: (1) averages of AW1/PW and AW2/PW multiunit response ratios were 0.43 ± 0.05 and 0.23 ± 0.03, respectively (Fig. 3D); (2) overall, 8.7 ± 1.7 whiskers evoked significant (P < 0.05) MUA increase after their deflection ( Supplementary  Fig. 4) ; and (iii) on average, 4.8 ± 0.8 AWs evoked multiunit responses exceeding half of the PW-evoked responses (Fig. 3E ).
Postnatal Segregation of Receptive Fields
Broad tuning to multiple whiskers was only observed during the first 2 days after birth. Starting from P2-3, clearly segregated adult-like receptive fields emerged (Simons 1978; Armstrong-James and Fox 1987; Roy et al. 2011 ), characterized by: (1) a reduction in the AW1/PW and AW2/PW multiunit response ratios, to 0.17 ± 0.01 and 0.1 ± 0.02, respectively (Fig. 3D) , with a preferential tuning to the neighboring whiskers within rows rather than to arcs (Armstrong-James et al. 1992; Roy et al. 2011) (Fig. 4 , see also Supplementary Fig. 5 ), (2) a reduction in the total number of whiskers evoking significant multiunit response, to 6.4 ± 0.5 whiskers ( Supplementary  Fig. 4 ) (Carvell and Simons 1988; Moore and Nelson 1998; Zhu and Connors 1999; Borgdorff et al. 2007; Roy et al. 2011) , and (iii) almost total elimination of the AWs (0.3 ± 0.1) evoking more than half of the PW-evoked multiunit response (n = 21; P2-7 rats; Fig. 3E , see also Supplementary Fig. 4B for 20% bin size). Single units recorded using tetrodes showed similar refinement of the receptive fields during the postnatal period ( Fig. 5) . At P0-1, the PW-evoked responses (1.5 ± 0.3 spikes/ response) did not significantly differ from the AW1-evoked responses (0.7 ± 0.2 spikes/response; n = 6 single units from 2 P0-1 rats; P > 0.05, Fig. 5E ). In P4-5 rat pups, the PW-evoked responses (1.9 ± 0.9 spikes/response) became significantly stronger than the AW1-evoked responses (0.37 ± 0.1 spikes/response; n = 10 single units from 2 P4-5 rats; P < 0.001). Thus, receptive fields in the barrel cortex show a developmental transition from initially diffuse organization at birth, characterized by broad tuning of cortical neurons to multiple whiskers, to a segregated stage emerging 2-3 days after birth, where neurons become preferentially tuned to a single PW.
Postnatal Segregation of Whisker Projection Fields in Barrel Cortex
Activation of cortical neurons by multiple whiskers implies that sensory input from a single whisker activates larger cortical territories in newborn rats. To test this hypothesis, the responses evoked by single whisker stimulation were recorded using multishank electrodes with 200-µm horizontal separation distance (Fig. 6A) . We first analyzed the receptive fields for each shank as described earlier (Fig. 6B, bottom plots) and then compared the responses evoked by single whisker stimulation at different shanks (Fig. 6B, top traces) . In P0-1 rats, multiunit responses evoked by single whisker stimulation were observed at multiple cortical sites (Fig. 6B) . The cortical PF of a single whisker, estimated as a distance at which half-maximal response (PF50) is observed (Fig. 6C) , was 240 ± 22 µm in P0-1 rats (n = 8). With maturation, the whisker PF shrank to 159 ± 6 µm at P2-7 ( Fig. 6F,G,H; n = 21) . Thus, in agreement with broad tuning of cortical neurons at a single cortical site to multiple whiskers, inputs from individual whiskers also show broad cortical PFs during the early postnatal period. Moreover, similar developmental profiles are observed for both the projection ( Fig. 6H) and receptive ( Fig. 3C-E) fields.
Developmental Segregation of Synaptic Inputs
To explore the synaptic mechanisms underlying the generation of diffuse responses in newborn rats, we performed whole-cell recordings from the cortical neurons of the dense cortical plate (Fig. 7C) . At P0-1, PW stimulation evoked barrages of EPSCs (Fig. 7C ). Total charge transfer during synaptic PW-evoked responses was −5.9 ± 3.6 pC at a holding potential of −70 mV (n = 6; Fig. 7B ). In agreement with the results of extracellular recordings, stimulation of adjacent whiskers in P0-1 rats revealed broad receptive fields for the excitatory synaptic responses, with an integral AW1-evoked response of −1.4 ± 0.6 pC (34 ± 10% of the PW-evoked response; n = 6). In older animals, the latency of the PW-evoked synaptic responses shortened to 49 ± 3 ms whereas the integral PW-evoked synaptic response increased to −17.1 ± 2.3 pC, AW1-evoked responses were −2.2 ± 0.6 pC (n = 13 cells; P4-7 rats, Fig. 7B ). Thus, the synaptic receptive fields of a single cortical neuron also showed a transition from a diffuse state at P0-1, characterized by robust excitatory synaptic responses evoked in a single neuron by multiple whiskers, to a segregated stage, characterized by predominance of the responses evoked by PW over AWs.
Discussion
The main findings of the present study are the following: (1) cortical neurons in the neonatal rat barrel cortex are strongly activated by a large number of whiskers; accordingly, whisker PFs are also broad and largely overlap during the first 2 postnatal days, and (2) segregation of the receptive and PFs in the barrel cortex occurs by P2-3, coinciding with formation of anatomical barrels.
Our results indicate that the receptive fields in the rat barrel cortex are imprecise at birth. The blurriness of the early receptive fields may reflect coarse and overlapping connectivity in the thalamus and cortex. While in rats the barrelettes pattern in the brainstem appears to have already developed by P0 (Chiaia et al. 1992; Waite et al. 2000) , patterning in the VPM occurs during the first postnatal days (Belford and Killackey 1979) . However, pruning of over-numerous lemniscal inputs to thalamic neurons was shown in studies in mice (Arsenault and Zhang 2006; Zhang et al. 2013) . In rats, thalamic afferents reach the cortical plate at birth (Erzurumlu and Jhaveri 1990; Rhoades et al. 1990; Catalano et al. 1996; Molnar et al. 2003) . Although, in both rats and mice, the topological precision of thalamo-cortical projection at birth is under debate (Senft and Agmon et al. 1995; Catalano et al. 1996; Rebsam et al. 2002; Lee et al. 2005) , the initial pattern of thalamic axons does not show barrel-like organization (Erzurumlu and Jhaveri 1990; Jhaveri et al. 1991) . By P2, thalamic axons start to organize in barrel-like patches, and by P4, an adult-like barrel pattern emerges in which thalamo-cortical axons organize into barrel-shaped bundles with a topographic projection of thalamic barreloids to cortical barrels (Erzurumlu and Jhaveri 1990; Rhoades et al. 1990; Agmon et al. 1995) . At the postsynaptic level, cytoarchitectonic barrel formation and differentiation of Layer 4 from the cortical plate start at around P3 in both cats and rats (Rice et al. 1985; Blue et al. 1991; Jhaveri et al. 1991) . In early postnatal development, Layer 4 cells of the barrel cortex do not show dendritic orientation; throughout the first postnatal week, they gradually orient their dendrites toward, and position themselves around, the TCA terminal patches corresponding to whiskers. This involves NMDA-Rdependent pruning of the branches extending to neighboring barrels (Espinosa et al. 2009 ). In addition, feedforward inhibition, which sets a temporal window of integration of thalamic inputs and contributes to surround inhibition, is absent during the first postnatal days (Daw et al. 2007; Minlebaev et al. 2011) . Finally, a large number of pure NMDA-R-based silent thalamocortical synapses (Feldman et al. 1999; Hanse et al. 2013) , in conjunction with the high affinity of NMDA-Rs to glutamate (Patneau and Mayer 1990 ) and a large extracellular space (Thomas et al. 2011) , may lead to a spillover and paracrine actions of glutamate released from thalamic axons and growth Multishank recordings of responses evoked by PW stimulation for the principal (0 μm) and adjacent (200 and 400 μm) cortical sites in dense cortical plate in P0 (B) and in Gr layer of P5 (F) rat pups; receptive fields for each cortical site are shown under the traces; (C,G) cortical PFs for these experiments; arrows indicate that the normalized MUA density crossed the 50% threshold level used to estimate the size of a single whisker cortical PF (PF50); (D) age-dependence of the multiunit responses evoked by a single whisker for the principal and adjacent cortical sites. Data are fitted using exponential decay function; (E) P-value map of the MUA density evoked by PW stimulations recorded by principal shank and other shanks in 2 rat pup age groups (P0-1 and P2-7). Note that within each age group, P-values were obtained from paired data comparisons. The numbers on the diagonal indicate the number of animals within each group. (H) Age-dependence of a single whisker PF50 distance, where medians of boxplots are shown by red lines. (D,H) Pooled data from 29 rats. cones at distant sites (Kullmann and Asztely 1998) . All of the above anatomical and functional properties are subject to rapid developmental changes, and these may contribute to a segregation of the receptive fields during postnatal development.
Despite the fact that the initial thalamo-cortical synapses are limited in number and weak and that their vast majority are pure NMDA-R-based "silent" at the resting membrane potential (Feldman et al. 1999; Hanse et al. 2013) , sensory inputs evoked robust excitatory postsynaptic currents, LFP and multiunit cortical responses at birth, and multiunit responses showed a developmental decline over a period from P0 to P2-3 ( Fig. 3C) . Generation of such robust responses at birth likely involves powerful temporal summation of slow NMDA and kainate receptor-mediated currents at the immature thalamo-cortical synapses (Kidd and Isaac 1999; Minlebaev et al. 2007; Minlebaev et al. 2009 ), which should elicit extensive depolarization in the immature neurons, with very high (in the gigaohms range) membrane resistance (LoTurco et al. 1991; Zhou and Hablitz 1996; Mienville and Pesold 1999) . Another factor contributing to robust responses at birth is the above-mentioned lack of feedforward inhibition and the large (indefinite in cells lacking GABAergic inputs) temporal window for integration of excitatory inputs (Daw et al. 2007; Minlebaev et al. 2011) .
Our results support the hypothesis that sensory map development involves initial formation of the basic protomap via innate mechanisms, followed by its activity-dependent refinement (Katz and Shatz 1996; Rakic et al. 2009; Erzurumlu and Gaspar 2012) . This paradigm has been observed in a number of developing sensory circuits, including the optic tectum (Ruthazer et al. 2003) , the visual (Chen and Regehr 2000) , and somatosensory thalamus (Arsenault and Zhang 2006; Zhang et al. 2013) , and the superior colliculus (Brown et al. 2000) , as well as during development of neuromuscular connections (Sanes and Lichtman 1999; Lichtman and Colman 2000) and climbing fiber synapses in the cerebellum (Kano and Hashimoto 2009) . In contrast, ocular dominance columns in the visual cortex (Crowley and Katz 2002) , odor maps in the olfactory bulb (Lin et al. 2000; Zheng et al. 2000) , and cortical interlaminar synapses in the somatosensory cortex (Bureau et al. 2004) have been shown to develop with considerable specificity from the start. Here, we found a certain level of precision already in the innate protomap, with 1 whisker evoking maximal response at the cortical site within the prospective barrel cortex and with a gradual decrease in the responses evoked by adjacent whiskers of the first and second order. Somatotopic organization of activity at birth has also been reported in a study by Yang and colleagues, using a combination of voltage-sensitive dye imaging and extracellular recordings (Yang et al. 2012) . The authors concluded that innate protomaps are precise, although the level of protomap precision was not evaluated in that study. Our findings suggest a model in which the barrel map develops neither from a "tabula rasa" nor a precise protomap but, from a state with a sub-columnar level of precision, created via innate mechanisms ensuring crude topography. Further refinement of map precision to columnar level occurs during the first 2-3 postnatal days, and this process is characterized by competitive interactions between whiskers. We propose that the robust and overlapping whisker-evoked responses described in the present study are instrumental to such refinement. Once somatotopic correspondence is established by P2-3, topographic thalamo-cortical synapses may further mature through a potentiation supported by topographic EGOs (Minlebaev et al. 2011) .
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